Abstract: A ''smart'' base isolation strategy is proposed and shown to effectively protect structures against extreme earthquakes without sacrificing performance during the more frequent, moderate seismic events. The proposed smart base isolation system is composed of conventional low-damping elastomeric bearings and ''smart'' controllable ͑semiactive͒ dampers, such as magnetorheological fluid dampers. To demonstrate the advantages of this approach, the smart isolation system is compared to lead-rubber bearing isolation systems. The effectiveness of the isolation approaches are judged based on computed responses to several historical earthquakes scaled to various magnitudes. The limited performance of passive systems is revealed and the potential advantages of smart dampers are demonstrated. Two-and six-degree-of-freedom models of a base-isolated building are used as a test bed in this study. Smart isolation is shown to achieve notable decreases in base drifts over comparable passive systems with no accompanying increase in base shears or in accelerations imparted to the superstructure. In contrast to passive lead-rubber bearing systems, the adaptable nature of the smart damper isolation system provides good protection to both the structure and its contents over a wide range of ground motions and magnitudes.
Introduction
One of the most widely implemented and accepted seismic protection systems is base isolation. Seismic base isolation ͑Skinner et al. 1993; Naeim and Kelly 1999͒ is a technique that mitigates the effects of an earthquake by essentially isolating the structure and its contents from potentially dangerous ground motion, especially in the frequency range where the building is most affected. The goal is to simultaneously reduce interstory drifts and floor accelerations to limit or avoid damage, not only to the structure but also to its contents, in a cost-effective manner.
Recent years have seen a number of catastrophic structural failures due to severe, impulsive, seismic events. Some researchers ͑e.g., Hall et al. 1995; Heaton et al. 1995͒ have raised concerns as to the efficacy of seismic isolation during such events. Based on observations from the January 17, 1994 Northridge earthquake, these researchers suggested that base-isolated buildings are vulnerable to strong impulsive ground motions generated at near-source locations. Moreover, recent revisions to the Uniform Building Code ͑ICBO 1997͒ have made the requirements for base-isolation systems more stringent compared to the previous versions ͑ICBO 1994 ; Kelly 1999a͒ , potentially rendering the additional complexity and cost of base-isolated structures less economically justified ͑Kelly 1999b͒. The code-mandated accommodation of larger base displacements and the requirement to consider a stronger Maximum Capable Earthquake has suggested the need for supplemental damping devices ͑Asher et al. 1996͒ .
The addition of damping, however, may also increase the internal motion of the superstructure as well as increase absolute accelerations, thus defeating many of the gains base isolation is intended to provide ͑Inaudi and Kelly 1993b; Kelly 1999a,b͒. To understand the impact of excessive damping, it is important to consider the ever increasing necessity of protecting nonstructural components and highly sensitive equipment such as are found in hospitals, communication centers, and computer facilities. The performance of this equipment can be easily disrupted by moderate acceleration levels and even permanently damaged by higher excitations ͑Inaudi and Kelly 1993a͒. Consequently, mitigating damage to the contents of a structure has become a key objective in base isolation design. For example, the 1994 Northridge earthquake ''caused extensive destruction of building interiors. Because of the intense shaking and heavy damage to other building elements, sprinkler piping was frequently severed and systems were rendered useless on a much wider scale than has been seen in other earthquakes. Interior partitions, furniture, ceilings, and HVAC and other equipment were destroyed with a thoroughness never before seen on such a scale.'' ͑An excerpt from ''The January 17, 1994 Northridge, CA Earthquake-An EQE Summary Report,'' March 1994, by EQE International.͒ Indeed, some emergency facilities were rendered nonfunctional, not due to superstructure damage, but because they were flooded by water pipes broken due to excessive accelerations within the structure ͑Hall 1995͒. The need for hospitals or emergency facilities to be functioning postearthquake is clear. As another example, consider the potential loss of revenue by internet businesses involved in the expanding e-commerce market: tremendous financial damage is incurred if their websites and networks crash for a day or two. As a case in point, USA Today reported on February 11, 2000 that a single firm, eBay, lost $5 million in sales and $4 billion in stock value when a hacker shut down its site for only 22 hours. To protect the contents and nonstructural elements in a structure, structural accelerations should be minimized while maintaining acceptable base displacement levels.
Several means of adding damping are available for reducing base drift ͑base drift demands determine the ''seismic gap'' required for utilities, connections to adjacent structures or sidewalks, etc.͒. The three methods most commonly used today passively augment the damping provided by low-damping, natural rubber bearings. Low-damping natural and synthetic rubber bearings typically provide 2-3% of critical damping in the isolation mode. One method of increasing the damping is to use highdamping natural rubber-natural rubber containing extrafine carbon black, oils or resins, and other proprietary fillers ͑Naeim and Kelly 1999͒-that may provide up to 20% isolation mode damping. Another common approach is to install lead plugs in the low-damping laminated rubber bearings to increase energy dissipation through hysteretic damping as the lead plugs shear during large deformation motion. Third, supplemental dampers, such as viscous dampers ͑both linear and nonlinear, see Taylor and Constantinou 1996͒ and friction dampers, may be used to augment the damping ͑Soong and Dargush 1997͒. Friction pendulum systems ͑FPSs͒ are another popular base isolation strategy; though physically different from lead-rubber bearing designs, FPSs may be modeled in a similar manner and exhibit similar behavior. While these passive methods have been used in applications to reduce the deformation demand on the isolation system, the supplemental damping itself tends to drive energy into the higher modes, with corresponding increases in superstructure deformation and acceleration, that may damage the building and its contents ͑Kelly and Tsai 1985, 1993͒. Spencer et al. ͑2000͒ showed that adding a moderate amount of viscous damping to a low-damping isolation system does decrease responses. However, too much damping can cause accelerations and interstory drifts to go back up ͑Hall 1999; Spencer et al. 2000͒ , eliminating many of the improvements isolation is intended to provide.
Active and semiactive strategies may be able to provide the reduced base drifts without the increase in superstructure motion seen for passive devices. As reported by Spencer and Sain ͑1997͒, a number of analytical studies have focused on the use of active control devices in parallel with a base-isolation system for limiting base drift ͑e.g., Kelly et al. 1987; Reinhorn et al. 1987; Nagarajaiah et al. 1993; Schmitendorf et al. 1994; Yoshida et al. 1994; Yang et al. 1996͒ . Additionally, Reinhorn and Riley ͑1994͒ performed several small-scale experiments to verify the effectiveness of active strategies used in simulation studies. However, active control devices have yet to be fully embraced by practicing engineers, in large part due to the challenges of large power requirements ͑that may be interrupted during an earthquake͒, concerns about stability and robustness, and so forth.
Several researchers have investigated the use of smart dampers ͑also called semiactive or controllable passive dampers͒ for seismic response mitigation ͑e.g., Feng and Shinozuka 1990; Nagarajaiah 1994; Makris 1997; Johnson et al. 1999; Kurata et al. 1999; Niwa et al. 1999; Symans and Constantinou 1999; Symans and Kelly 1999; Yoshida et al. 1999͒ . Studies of smart base isolation have used several control design methodologies ͓such as fuzzy control ͑e.g., Nagarajaiah 1994; Symans and Kelly 1999͒, sliding mode control ͑e.g. Yang et al. 1996͒ , clipped-optimal control ͑e.g., Johnson et al. 1999; Spencer et al. 2000͒, etc .͔ and have examined both bridge and building structures. The first full-scale implementation of smart base isolation was recently constructed at Keio Univ. ͑Yoshida et al. 1999͒. The main virtue of these semiactive controllable systems arises from the combination of the adaptable nature of a fully active control system with the stability characteristic of passive control systems, while maintaining low-power requirements.
The present work investigates the performance of a smart base isolation system and shows that it can reduce base drifts without the accompanying acceleration increases seen with passive strategies. To demonstrate the superior protection provided by smart damping strategies, several historical earthquakes scaled to different magnitudes are used to excite an isolated building structure. A linear, lumped-mass structure model is used as the test bed for this study, first using a two degree-of-freedom ͑2DOF͒ model, and then a 6DOF model to examine the effects of higher modes on smart damper performance. The isolation layer characteristics are chosen such that the fundamental mode ͑the so-called ''isolation'' mode͒ has a period of 2.5 s and 2% of critical damping. This configuration is typical of low-damping isolation systems common in engineering practice, is readily attainable using current technology, and follows standard code-based procedures ͑AASHTO 1991; Naeim and Kelly 1999͒. Recognizing its worldwide popularity ͑due mainly to its simplicity and economy͒, leadrubber bearings ͑LRBs͒ are used as a baseline passive isolation system. These self-contained isolation bearings provide both horizontal flexibility and hysteretic damping in a single package, with characteristics determined by pre-and post-yield stiffnesses, and yielding force. After a systematic parameter study using the Bouc-Wen model ͑Wen 1976͒ for the LRBs, two ''optimal'' LRB designs are selected and their limitations/advantages highlighted. Herein, the optimal isolation damping is defined, comparably to Inaudi and Kelly ͑1993b͒, as the one which produces a nearminimum peak ͑absolute͒ structural acceleration response while providing acceptable small deformations in the isolation system. A smart damper system is then designed that is ''optimal'' over the suite of historical ground motions, achieving significant reductions in the base drift compared to the ''optimal'' passive damping strategies without increasing the accelerations imparted into the superstructure. Special consideration is given to a rigorous and fair consideration of the performance of smart dampers in comparison with the lead-rubber bearing designs. While passive strategies are shown to effectively isolate the building in many cases, they are suboptimal for a wide range of ground motions. On the other hand, smart dampers are shown to provide a superior base isolation system for a broad class of earthquakes including near-source events as well as for a broad range of input levels. Thus, a smart damper system can protect a structure from extreme earthquakes without sacrificing performance during the more frequent, moderate seismic events.
Model Formulation

Structural System Model
First, the structure is modeled as a single degree-of-freedom ͑SDOF͒ system representing the fundamental mode of the fivestory building model given by Kelly et al. ͑1987͒ . In a subsequent section of this paper, a five degree-of-freedom model of the Kelly et al. ͑1987͒ building is studied to analyze the effects of higher modes.
When the isolation layer is added, the augmented model is a two degree-of-freedom ͑2DOF͒ system. The structural parameters of the SDOF fixed-base and 2DOF isolated structure models are given in Fig. 1 . ͑Two Java applets that demonstrate some of the issues in base isolation design are at http://www.nd.edu/ϳquake/ java.html.͒ It has been shown experimentally that the linear behavior of low-damping rubber bearings can extend to shear strains above 100%; moreover, it is possible to manufacture isolators with nearly zero damping and linear shear behavior ͑Naeim and Kelly 1999͒. Therefore, the isolation layer is modeled as a linear Kelvin-Voigt element-i.e., linear stiffness and viscous damping-and gives a fundamental mode with a 2.5 s period and 2% of critical ͑viscous͒ damping. ͑The forces generated by the multiple isolation bearings typical in a low-damping isolation system are modeled here by their combined stiffness and damping characteristics.͒ This low-damping, long-period, isolation system is a typical design and falls in the ''Class (ii): lightly damped, linear isolation system'' category of Skinner et al. ͑1993͒ .
Assuming the structural motion is sufficiently moderate that nonlinear effects may be neglected, and denoting the base and structure displacements relative to the ground by xϭ͓x b x s ͔ T , the equations of motion of the base-isolated system may be expressed as
where f ϭsupplemental force exerted by the smart damper or the LRB lead plug; ⌳ϭ͓1 0͔ T gives the position of the supplemental damper force; 1ϭvector whose elements are all unity; ẍ g ϭabsolute ground acceleration; and the mass, damping, and stiffness matrices are, respectively,
Defining states
a ẍ s a ͔ T including interstory drifts and absolute floor accelerations; and sensors yϭ͓x b ẍ b a ẍ s a ẍ g ͔ T ϩv measuring base drift, absolute floor accelerations, and absolute ground acceleration ͑v is a vector of sensor noises modeled as independent, Gaussian white-noise processes͒, the state-space form of the equations of motion is given by q ϭAqϩBf ϩEẍ g zϭC z qϩD z f yϭC y qϩD y f ϩF y ẍ g ϩv
where ⌬ϭmatrix giving interstory drifts.
Damping Systems
Lead-rubber bearings are considered as the baseline against which the smart damping strategies are compared. The modeling approaches for these two systems are described as follows:
• Lead-rubber bearing ͑LRB͒: the horizontal force required to induce the LRB into its post-yield phase can be expressed as the sum of three forces acting in parallel
where 
where ␥, ␤, A, and nϭshape parameters of the hysteresis loop which herein are considered time invariant. To model the initial stiffness properly, it is required that AϭK initial /Q y . For unloading to follow the preyield stiffness, ␥ϭ␤. For the postyield purely plastic behavior of the lead plug ͓i.e., Eq. ͑4͔͒, the evolutionary variable z will approach unity and Q hyst ϭQ Pb when Aϭ␥ϩ␤. Finally, the parameter n, which governs the sharpness of the transition from initial to final stiffness, is chosen to be 1 ͑Spencer 1986͒. Thus, nϭ1 and Aϭ2␥ϭ2␤ 
The postyield stiffness k b , generated by the stiffness of the rubber, is fixed so as to give a 2.5 s fundamental postyield period ͑Skinner et al. 1993͒. The preyield to postyield stiffness ratio and the LRB yield force Q y are left to be design parameters; two sets of values will be studied herein that give good performance in moderate and severe ground motions, respectively. The viscous damping c b from the rubber is assumed to give 2% viscous damping in the absence of the lead plug.
• Smart (semiactive) damper: a controllable damper ͑e.g., controllable fluid damper, variable orifice damper, etc.; see Spencer and Sain 1997; Symans and Constantinou 1999͒ that may only exert dissipative forces; i.e., f SA ẋ b р0 where f SA is the force applied by the damper and ẋ b is the velocity across the damper. For this study, the device is assumed ideal; i.e., it can generate the desired ͑dissipative͒ forces with no delay and with no actuator dynamics. The rubber isolation in these two systems is identical. The difference between the two systems is that one has a lead plug to give the supplemental damping, whereas the other has a smart damper instead. To make for a fair comparison, the peak force of the smart damper is limited. The lead-rubber bearings are subsequently shown to perform well for severe ground motions with a yield force about 15% of the total weight of the buildingconsistent with the recommendations in the literature ͑Skinner et al. 1993; Wang and Liu 1994; Park and Otsuka 1999͒. Thus, for fair comparison, the smart damper force will be limited to 53.39 kN ͑15% of the total weight of the building͒. This limit in the damping force is enforced using a saturation criteria to clip the damper force to be within the limits ͑see, for instance, Fig. 4͒ .
Ground Excitation
The isolated structures considered herein are excited by a suite of ground motions that are intended to encompass both moderate events Additionally, the earthquakes are scaled to several magnitudes to better understand the effectiveness of the isolation strategies for different earthquake strengths. The moderate records are scaled in the range from 0.5 to 2.0 times the historical record, and the severe ones from 0.5 to 1.5. Although magnifying the severe earthquakes might seem unnecessary, the results using 1.5 times historical records are included to show the behavior of different damping devices under extreme, but conceivable, events.
Smart Damping Strategies
Several studies have focused on the use of hybrid control schemes composed of damping devices in parallel with a base isolation system ͑Spencer and Sain 1997͒. A clipped-optimal control strategy, shown to perform well in previous works involving smart dampers ͑e.g., Dyke et al. 1996a,b; Johnson et al. 1999 Johnson et al. , 2003 Spencer et al. 2000͒ , is implemented in this study. The strategy is to assume an ''ideal'' actively controlled device, design an appropriate primary controller for this active device, and then use a secondary controller which clips the optimal control force so it is dissipative in a manner consistent with the physical nature of the device. ͓In an experimental implementation, the dissipation requirement is enforced implicitly by the device; a secondary controller is still necessary to make the actual force track the desired force commanded by the primary controller ͑Dyke et al. 1996a,b͔͒.
To better inform the primary controller about the frequency content of the ground motion, a Kanai-Tajimi ͑Soong and Grigoriu 1993͒ shaping filter is incorporated into the model of the system. Fig. 3 shows the magnitude of this filter as a function of frequency, as well as the frequency content of magnitude-scaled versions of the four historical design earthquakes. An H 2 /LQG ͑linear quadratic Gaussian͒ controller is then designed for the combined filter/structure model, such as shown in Fig. 4͑a͒ . Assuming independence of the ground excitation and measurement noises, the interstory drifts and absolute floor accelerations are weighted using the cost function
with control weight Rϭ(22 kN) Ϫ2 and a diagonal evaluation weighting matrix:
where q drifts Ј ϭ144 m Ϫ2 q drifts and q accels Ј ϭ(m/s 2 ) Ϫ2 q accels ϭscalar only 2 columns drift and acceleration weights, and Iϭ2ϫ2 identity matrix. By adjusting the nondimensional values q drifts and q accels , various levels of control performance are achieved. The H 2 /LQG primary controller is then designed using the Control Toolbox in MATLAB ® , resulting in a dynamic compensator K(s) of order six ͑the sum of the orders of the structure and the shaping filter͒. The sensor noises v are assumed uncorrelated with standard deviations ͓0.01/12 s 2 , 0.01, 0.01, 0.035͔ times that of the ground acceleration disturbance.
The secondary controller is given by
where f A ϭ''desired'' force that would be applied if using an active device and ẋ b ϭvelocity across the damper. Because the smart damper is an intrinsically nonlinear energy dissipation device and cannot add mechanical energy to the structural system, finding high-performance clipped-optimal controllers generally requires a numerical search over the parameters in the weighting matrix Q. This is the method used here. Note that effective controllers for smart damping devices typically have primary controllers ͑here, the H 2 /LQG design͒ that command a dissipative ''desired'' force f A during the majority of the seismic event. ͑Otherwise, the force would be set to zero a majority of the time.͒ The clipped-optimal controller is shown in Fig. 4͑b͒ . Note that a saturation block is used to limit the peak forces as discussed previously.
There is one unusual aspect to this control design. The force fed back to an observer is usually the force actually applied to the system ͑e.g., Dyke et al. 1996a,b; Johnson et al. 2003͒ . Here, that would be f SA or a saturated version thereof. However, it was found that feeding back the ''desired'' force f A gave superior performance. The reason, perhaps, is due to the dissipation constraint enforced by Eq. ͑8͒, which causes sudden on/off switching of the smart damper force that induces transient step responses in the observer, thereby causing yet larger swings in both the force commanded and actually applied. These swings were seen to cause larger accelerations, particularly at the base, than if the ''desired'' force is fed back. Thus, since good closed-loop performance is the objective, the ''desired'' force is fed back, as in Fig.  4͑b͒ , for the results shown herein.
Designing the ''Optimal'' Passive Isolation System
Lead-Rubber Bearings
In the design of lead-rubber bearings for this study, the influence of two parameters is considered, namely, the total yield force Q y ͓expressed as a fraction of the total building (base ϩsuperstructure) weight͔ and the preyield to postyield stiffness ratio K initial /K yield . The postyield stiffness is held fixed at K yield ϭk b ϭ232 kN/m to obtain a fundamental period of 2.5 s once the lead plug has yielded. While the optimal value of the yield force Q y will depend on the flexibility of the superstructure as well as the excitation ͑Inaudi and Kelly 1993a,b͒, for design earthquakes having the severity and ''character'' of the El Centro earthquake, Skinner et al. ͑1993͒ suggest typical values of the yield force Q y on the order of 5% of the total weight of the building. Fig. 5 shows peak base drifts and peak absolute accelerations ͑maximum of base and structural accelerations over time͒ of the 2DOF model as a function of the yield force Q y for several values of the stiffness ratio K initial /K yield . The plots corresponding to moderate events ͑left-hand side͒ show close agreement with the design yield force given by Skinner and his coworkers, particularly regarding the reduction of base drift. Note that the peak absolute accelerations do decrease with increasing ͑but small͒ Q y -but only up to Q y Ϸ4% of building weight. After that, interstory drifts ͑not shown͒ and accelerations increase significantly. Therefore, a lead-rubber bearing, designed for the El Centro and Hachinohe earthquakes ͑the moderate earthquakes͒, with Q y ϭ5% of the building weight and K initial /K yield ϭ6, is designated LRB1. Higher-stiffness ratios also give similar results, but the ratio of six is more typical of that used in practice ͑Skinner et al. 1993͒. This design Q y follows the results of Park and Otsuka ͑1999͒, who compare different methods to determine an ''Optimal Yield Ratio,'' giving Q y from 4.3 to 5.0% of structure mass for moderate earthquakes ͓peak ground acceleration ͑PGA͒ of 0.35g͔-this substantiates Skinner's aforementioned suggestion and the design here. The responses with this LRB1 design are shown as circles on the graphs in Fig. 5 . The LRB1 design is then used as the basis against which the other supplemental damping devices will be compared. To achieve similar results for scaled versions of the El Centro earthquake, the yield force must be scaled by the same factor ͑Skinner et al. 1993͒. Moreover, since the set of earthquakes includes severe events ͑Kobe and Northridge͒, higher-yield strengths may be necessary. And indeed this is the case as is clearly depicted in Fig. 5 ͑right-hand side͒: in order to obtain significant reductions in base drifts and moderate accelerations for the severe ground motions, the yield force must be 13-17% of the building weight, with a suitable stiffness ratio around ten. Indeed, Park and Otsuka ͑1999͒ find Q y in the range from 14 to 18% to be best for more severe ground motions ͑PGA of 1.225g͒. Hence, a second design, called LRB2, with yield force Q y ϭ15% of the building weight and with stiffness ratio K initial /K yield ϭ10, is also studied. The responses of the LRB2 design are denoted by triangles in Fig. 5 . It should be emphasized that LRB designs for severe events, such as the LRB2 design, are not common in practice; however, the concerns about large base drifts in strong near-fault ground motion ͑e.g., Hall et al. 1995; Heaton et al. 1995͒ have prompted researchers to consider such designs.
In the remainder of this study, the performance of the highdamping lead-rubber bearing LRB2 design and a smart damper strategy will be compared to the performance of the low-damping lead-rubber bearing LRB1 design. The selection of LRB1 as the basis for comparison is supported by the fact that it is the optimal LRB system for the ͑unscaled͒ El Centro earthquake.
Smart Controllable Damper
A thorough parameter study is performed to determine appropriate H 2 /LQG weighting matrices for efficient controllable damping strategies. A family of controllers that decreases base drift and absolute accelerations ͑compared to the LRB1͒ is obtained for a controllable smart damper. As mentioned previously, the maximum damper force is limited to 15% of the total weight of the building using a saturation element ͑see Fig. 4͒ .
Preliminary parameter studies showed that some output weights in the ranges q drift ͓0.05, 10.0͔ q acccls ͓1.0,10.0͔ (9) made improvements in both peak base drift and peak accelerations compared to the LRB1 baseline. The hatched areas in Fig. 6 denote the regions where, using a smart damper, the peak absolute accelerations for both base and superstructure are decreased for all four ͑unscaled͒ historical earthquakes compared to the LRB1 design. The contour lines depict minimum improvements ͑i.e., reductions͒ in base drift. Note that these are ''worst-case'' improvements in the suite of four historical earthquakes; thus, substantial improvements ͑i.e., much better than the worst-case shown in Fig. 6͒ are possible with smart dampers for some of the ground motions ͑shown in the next section͒.
To investigate the gains that may be achieved with smart damping systems, one particular control design was chosen, with q drifts ϭ0.5974, q accels ϭ2.6701; this point is shown in Fig. 6 as a small circle. Using this particular control design, the 2DOF isolated building was simulated and peak responses computed for base drift and acceleration, structural drift and acceleration, damper force, and base shear. Table 1 shows the responses of the structural system with the LRB1 baseline design ͑i.e., the LRB with Q y ϭ5% of the building weight and K initial /K yield ϭ6͒ to various earthquakes. Table 2 reports the percent response improvement ͑ϩ͒ or detriment ͑Ϫ͒ compared to the LRB1 system for four cases: ͑1͒ the smart isolation system; ͑2͒ LRB2 ͑high-damping passive lead-rubber bearing͒; ͑3͒ the rubber alone with no supplemental damping ͑i.e., 2% damping from the rubber in the isolation layer͒; and ͑4͒ the fixed base structure. The peak base drift, structural acceleration, and supplemental force ͑lead plug or smart damper͒ relative to LRB1 are shown in Fig. 7 for smart damper isolation and LRB2.
Two Degree-of-Freedom Results
From Table 2 it can be seen that the LRB2 system, due to its higher-yield level, is capable of substantial reductions in the peak base drift. For severe seismic events, reductions in base drift reach a maximum of about 50%. Note that this improvement of the LRB2 system over the LRB1 system diminishes in the case of the Northridge earthquake as the earthquake scale increases. A similar trend is found for the Kobe earthquake when the scale is increased to 1.5, while for the moderate earthquakes peak base drifts are reduced as the scale factor increases, from 5% to about 53%. Not surprisingly, however, these reductions in base drift come at the price of increased accelerations, interstory drifts, and base shears. Peak accelerations in the LRB2 system were increased for 12 of the 14 ground motions considered, sometimes substantially increased, while only marginally decreased in the other two ground motions. Moreover, for the reduced-scale moderate earthquakes ͑i.e., those that are likely to occur more frequently͒, the accelerations increased up to 2.37 times that found for the LRB1 system. Structural drifts and base shears follow a pattern similar to structural acceleration.
In contrast, the smart damping system performs well over the entire suite of earthquakes considered. The reductions in peak base drift are comparable to those of the LRB2 isolation systemboth giving as much as nearly 55% decreased base drift compared to LRB1 isolation. The smart damper achieves decreases in peak accelerations, structural drifts, and base shears for most cases, as much as 44% in some cases. In contrast, the LRB2 design increases these responses, often by significant amounts ͑over double that of the LRB1 response for small earthquakes͒. In contrast to the LRB2 system, the decrease in the base drift during the large earthquakes afforded by a smart damper does not come at the expense of larger accelerations, interstory drifts, and base shears. With regard to the peak forces, the LRB lead plugs attained, in most cases, their yield forces ͑for LRB1, F yield ϭQ Pb ϭ14.83 kN; for LRB2, F yield ϭQ Pb ϭ48.05 kN͒. The smart damper uses rather smaller forces for small ground motions but hits the saturation limit for strong ground motions ͑historical or larger Northridge or Kobe motions͒. Note that the peak force exerted by the smart damper is well within the range of current technology. The peak force here was 53.39 kN for a scaled building-for a similar full-scale structure, the forces can be generated with parallel configurations of dampers based on current technology. For example, a prototype 200 kN semiactive magnetorheological fluid damper has been developed at the Univ. of Notre Dame ͑Spencer and Sain 1997͒. Typical force-displacement loops are shown for two historical earthquakes in Fig. 8 . Two observations are important here. First, the smart isolation uses force levels similar to LRB1 in the El Centro earthquake, but more like LRB2 for the stronger Kobe earthquake, demonstrating the adaptive nature of the smart isolation. Second, the smart isolation has rounded corners on the loops, giving more moderate acceleration levels than the LRB designs.
Influence of Higher Modes
To study the influence of higher modes on the performance of the base isolation systems, the six degree-of-freedom isolated building model depicted in Fig. 9 is used. The parameters of the superstructure are the same used in Kelly et al. ͑1987͒, while the properties of the isolation layer ͑i.e., k b and c b ͒ are the same as in the 2DOF system described previously. The structural parameters, listed in Table 3 , give the same 2.5 s period, ϭ2% isolation mode, and the same fixed-base fundamental 0.3 s, ϭ2% mode as in the 2DOF problem. This 6DOF structural model is numerically simulated for the same isolation systems as studied for the 2DOF model. Again, one LRB design ͑discussed further in the next paragraph͒ will be used as a baseline. The other strategies are: ͑1͒ the smart isolation system; ͑2͒ a second LRB design ͑high-damping passive leadrubber bearing͒; ͑3͒ the rubber alone with no supplemental damping ͑i.e., 2% damping from the rubber in the isolation layer͒; and ͑4͒ the fixed base structure. The same suite of unscaled historical earthquakes are used to determine ''optimal'' designs for each isolation method. Those designs are then simulated for unscaled and scaled ground motions.
Lead-Rubber Bearings
The optimal systems selected for the 2DOF structure ͑i.e., LRB1 with yield force Q y ϭ5% of the weight of the building and preyield to postyield stiffness ratio K initial /K yield ϭ6, and LRB2 with Q y ϭ15% and K initial /K yield ϭ10͒ are also near-optimal leadrubber bearing designs for the 6DOF building model. Fig. 10 depicts the peak responses of the 6DOF structure-peak base drift and peak absolute acceleration ͑maximum over all levels, m b to m 5 ͒-as a function of the yield force Q y ͑expressed as a percent of the building's total weight͒ and for three different stiffness ratios K initial /K yield ϭ6,10,15. For moderate ground motions ͑left-hand-side plots͒, the parameters selected for LRB1 are still near optimal. ͑Choosing a Q y Х4% would slightly improve peak accelerations, but with some increase in base drift.͒ For severe ground motions ͑right-hand-side plots͒, a yield force level of 15% is again nearly optimal, particularly for the Northridge record. A stiffness ratio of six would result in smaller accelerations for Kobe but with larger drifts. However, for consistency with the 2DOF analysis-and in accordance with actual design recommendations ͑Kelly 1997; Naeim and Kelly 1999͒-the stiffness ratio value of K initial /K yield ϭ10 is retained here also.
Smart Controllable Damper
For smart damping of the 2DOF system, four sensors were used: base drift and absolute accelerations of the base, the structure, and the ground. The superstructure in the 2DOF model is a single mass. Now, the 6DOF model has five distinct structural accelerations that may be measured. To allow for fair side-by-side comparison, the number ͑and type͒ of sensors will be held constant.
If the controller designed for the 2DOF model is to be used directly for the 6DOF system, the only question is which structure mass should be instrumented. Analyzing the frequency response of the superstructure of the 2DOF model and comparing them with the frequency responses of the five superstructure masses of the 6DOF model, it can be shown that the best corresponding superstructure acceleration is the roof acceleration ͑mass m 5 ͒. Now, it is possible to use the six-state controller designed for the earthquakes are used to determine ''optimal'' designs for each ϭ0.5974 and q accels ϭ2.6701͔ in the 6DOF structure as it requires the same number and types of inputs. The resulting smart damper strategy gives good, but not quite optimal, results ͑not shown here for the sake of brevity͒. Taking a further step to capitalize on a higher-order controller based on the 6DOF model, the same procedure described for the 2DOF system is followed to design a controller with the weighting matrix Qϭdiag͓͑q drifts Ј ͓1 0 0 0 0 0͔ q accels Ј ͓1 0 0 0 0 1͔͔͒ (10) ͑which weights the base drift, the absolute base acceleration, and the absolute roof acceleration͒ and the same sensor measurements as before ͑i.e., base drift, base, roof ͑mass m 5 ͒, and ground accelerations͒. A new region of the weighting space q drifts versus q accels was found where the smart damper reduces base drift compared to LRB1 without increasing accelerations. Fig. 11 ͑a close relative of Fig. 6͒ shows the region where the smart damper can provide reductions in base displacement ͑contour lines͒ while not increasing the floor accelerations ͑hatched region͒ for the suite of unscaled historical earthquakes. From this optimal ͑hatched͒ zone, a particular point was chosen ͑q drifts ϭ31.1 and q accels ϭ99.3͒ and the 6DOF system simulated. Table 4 shows the results in terms of peak interstory drifts and absolute accelerations at different floor levels, as well as peak damper forces and base shears, for the 6DOF base-isolated building model using the LRB1 system and excited by the unscaled and scaled historical earthquakes. Percent improvements ͑positive values͒ and detriments ͑negative values͒ provided by the fixedbase structure and by the three isolation strategies compared to LRB1 are reported in Table 5 . The peak base drift, structural acceleration, and damper force relative to LRB1 are shown in Fig.  12 for smart dampers and LRB2. To effectively analyze this data, two different viewpoints are used.
Six Degree-of-Freedom Results
First, it is important to compare Tables 1 and 4 , where actual response values are reported for the 2DOF and 6DOF LRB1-isolated building models. The close matches among the reported values must be highlighted. Base drifts match almost perfectly for both models under all input motions, regardless of the presence of higher-mode dynamics; this feature supports the use of simple models ͑even single-degree-of-freedom superstructure models͒ as a reasonable tool during early stages of control design. The 2DOF force-displacement loops in Fig. 8 are extremely close to those for the 6DOF ͑not shown here for brevity͒. Absolute accelerations are quite comparable, particularly for large seismic scale factors and/or severe earthquake action ͑Kobe and Northridge͒, though with slightly less agreement than base drifts. While base acceleration can be compared in a unique way, structure acceleration cannot since the 6DOF model has multiple floors. As one might expect, the structural accelerations reported in Table 1 seem to be comparable to the mean of the second and third floor accelerations reported in Table 4 . Finally, interstory drifts ͑or structural drift͒ are difficult to compare. The values reported for the 2DOF model are about three times larger than the value corresponding to the first floor of the 6DOF model, and the values decrease with the structure's height. The differences between the 2DOF and 6DOF results in superstructure accelerations and interstory drifts are largely due to the method used to reduce the model to two degrees of freedom; the structure mass in the 2DOF roughly cor- Fig. 8 . Force-displacement loops with LRB1, LRB2, and smart isolation of two degree-of-freedom system for two historical earthquakes responds to the center-of-gravity of the superstructure, which would be somewhere in the third story of the superstructure. Thus, the 2DOF structure drift corresponds more to the relative displacement of the superstructure center-of-gravity relative to the base; to first order, this drift would be 2-3 times the first story drift. Second, considering Table 5 and Fig. 12 , both LRB2 and smart dampers effectively reduce the base drift compared to the baseline LRB1 design but only the smart damper makes improvements in structural acceleration for most ground motions. Note particularly that the smart damper decreases base drift nearly in half for the strong events ͑Kobe, Northridge, 2.0ϫEl Centro, 2.0ϫHachinohe͒; LRB2 is slightly less effective for some of the ground motions, but still much better than LRB1. However, peak accelerations, structure interstory drifts, and base shears tell a different story. LRB2 causes peak accelerations to be approximately double the LRB1 design for moderate events, whereas the smart damper is able to achieve good acceleration reductions. Similar reductions in interstory drifts and base shears are achieved. Consequently, due to its adaptive nature, the smart damper gives good performance for both moderate and severe ground motions.
Concluding Remarks
A ''smart'' base isolation system, comprised of low-damping elastomeric bearings, and ''smart'' controllable ͑semiactive͒ dampers, was shown to have superior performance compared to several passive base isolation designs using lead-rubber bearings. The peak responses of 2DOF and 6DOF models of a base isolated structure due to several ground motions were computed from simulation. The suite of earthquakes used herein were the 1940 El Centro and 1968 Hachinohe ͑moderate events͒ and the 1995 Kobe and 1994 Northridge ͑severe events͒ earthquakes. The suite of historical earthquakes were scaled in magnitude to evaluate the base isolation systems during ground motions of different fre quency content and various strengths. The responses computed were peak base and structural ͑relative͒ displacements, base and structural ͑absolute͒ accelerations, applied forces, and base shears. Two lead-rubber bearing designs, denoted LRB1 and LRB2 with bearing yield force Q y equal to 5 and 15% of the building weight, respectively, were studied. These designs are typical suggestions in the literature for protecting against moderate and strong ground motions, respectively. It was shown herein that the LRB1 system is a near-optimal design for earthquakes of the magnitude and ''character'' of the 1940 El Centro earthquake, and the LRB2 system is appropriate for strong motions such as the 1994 Northridge or 1995 Kobe earthquakes. A clippedoptimal controller was developed for the smart damper using an H 2 /LQG primary controller and a clipping secondary controller to enforce the dissipation requirement. A force saturation limit of 15% of the building weight was imposed to allow a fair comparison with the LRB designs.
The conclusions from both 2DOF and 6DOF studies show that smart dampers can provide superior protection from a wide range of ground motions, whereas the passive lead-rubber bearing designs tend to be suboptimal for events different from their design earthquake. The LRB2 design reduces base drifts compared to the LRB1 design, but only at the expense of significantly larger ac- celerations, structural interstory drifts, and base shears in moderate earthquakes compared to the LRB1 design. This trade-off between the various responses is well recognized in the literature, and would be expected with other passive yielding isolation systems ͑e.g., friction pendulum systems, metallic yielding supplemental dampers͒ as well. Such large accelerations can damage sensitive equipment or cause damage to nonstructural components, potentially removing the structure and its contents from service. A smart damper, due to its adaptive nature can reduce base drifts as well, and sometimes better, than the LRB2 system while simultaneously reducing structural accelerations, interstory drifts, and base shears. Thus, the adaptable nature of the smart damper system allows a structure to be protected against extreme earthquakes, without sacrificing performance during the more frequent, moderate seismic events. This study suggests that smart dampers, such as magnetorheological fluid dampers, show significant promise for use in base isolation applications. (t)͉ϫ100%, where system denotes the isolation system.
